Abstract In recent years, forward osmosis (FO) has received considerable attention due to its huge potentials in water desalination. The thin film composite (TFC) membrane used in the FO desalination consists of a bottom support layer covered by an active layer on top. Polyamide (PA) is commonly employed as an active layer forming via interfacial polymerization between m-phenylenediamine (MPD) and trimesoyl chloride (TMC) monomers. In this study, the effects that the MPD and TMC concentrations could have on the performance and anti-fouling behavior of the obtained FO membrane have been investigated. Results showed that there is a trade-off relationship between the water flux and salt rejection, which by increasing MPD concentration, the water flux was reduced‫و‬ while the salt rejection was enhanced. Also, by increasing the TMC concentration, an opposite trend was observed. Using 0.20 wt.% of TMC monomer, the highest water fluxes of 21.6 LMH and 29.3 LMH were achieved in two different membrane configurations. Furthermore, higher TMC concentration caused better antifouling property, when PA active layer of the membrane was in a high fouling potential environment.
Introduction
Global warming, drought, and climate change have drawn a massive social, political, and scientific attentions, thereby the twenty-first century has been named Bthe Century of the Environment^ (Lubchenco 1998; Shannon et al. 2008; Costa et al. 2017) . Among numerous environmental crises, water scarcity is perhaps the most pervasive challenge that impedes any community toward sustainable development (Shannon et al. 2008; Pal et al. 2017) . To address the issue, many efforts have been made to explore novel technologies, being able to desalinate brackish and sea water with the modest energy consumption and acceptable cost. Despite the fact that thermal-based multi-stage flash (MSF) and multi-effect distillation (MED) methods have constituted some global seawater desalination capacity, their further commercialization has been hindered due to huge energy consumption, high operational costs, and maintenance burden (Li and Wang 2010; Humplik et al. 2011) . In this regard, membrane-based treatment technologies are inherently better than the thermal approaches (Elimelech and Phillip 2011) . Microfiltration (MF), ultra-filtration (UF), nanofiltration (NF), and reverse osmosis (RO) are the most widely used and well-known membrane-based purification methods, which all require external hydraulic pressure as a driving force to run. Forward osmosis (FO) has been recently developed based on chemical potential gradients that naturally occur between two aqueous solutions with different solute concentrations (Cath et al. 2006; Klaysom et al. 2013) . FO membrane, as a heart of process, plays critical role in mediation of concentration gradient between a concentrated draw solution (DS) and a dilute feed solution (FS) to allow osmosis phenomena.
Synthesis of FO membrane with a wide range of structures, properties, and performances has been subjected by several researchers including cellulosic membranes (Nguyen et al. 2013) , thin film composite (TFC) membranes (Zhang et al. 2016) , layer-by-layer (LBL) selfassembled membranes (Saren et al. 2011; Qi et al. 2012; Salehi et al. 2017) , and so on. Sufficient water permeability, enough solute rejection, chemical resilience, and mechanical robustness are the most favorable characteristics, which have been considered in FO membrane fabrication. Since the TFC membrane was pioneered by Cadotte in the late 1970s (Cadotte et al. 1981) , it has provided satisfactory results in water desalination (Chou et al. 2010; Geise et al. 2011) . A typical TFC membrane consists of a non-porous polyamide (PA) film with highly cross-linked morphology as a selective layer and an underlying porous polymer with mechanically robust structure as a support layer (Baker 2012) . Although the TFC membranes are more prone to foul by organic and biological species, they have been widely used for the FO and RO processes (Werber et al. 2016) . The higher fouling propensity in the TFC membranes could be originated from its inappropriate surface physicochemical characteristics (Baoxia and Elimelech 2010; Liu and Mi 2012) . The PA surface has been densely covered by negative carboxylic functional groups, which are able to form calcium bridges between the membrane surface and various organic foulants, leading to higher organic fouling (Xie and Gray 2016) .
Low hydrophilicity is another obstacle, which restricts more applications of the TFC membrane in water desalination . The PA layer has been commonly prepared via interfacial polymerization (IP) process conducted between two different monomers (Lau et al. 2015) . Commercially, m-phenylendiamine (MPD) dissolved in water and trimesoyl chloride (TMC) dissolved in nhexane solvent have been used to fabricate PA thin active layer (Baroña et al. 2013) . So far, the PA layer has been modified via different hydrophilic additives (Ma et al. 2012; Zhao et al. 2013; Shen et al. 2016 ) and using other hydrophilic monomers during IP reaction (Ahmad et al. 2003; Yong et al. 2006; Perera et al. 2015) to improve the TFC membrane hydrophilicity. Membrane performances in terms of permeability and selectivity strongly affected by different parameters involving in PA formation step such as monomer type and concentration, IP contact time, temperature, and solvent (Khorshidi et al. 2015) . In this study, a series of MPD and TMC monomer solutions with different concentrations were used to prepare the PA active layer, and permeability and selectivity of the obtained TFC membranes were evaluated in FO desalination process. Finally, their anti-fouling behaviors were exactly evaluated in the FO process, in which the FS possessed higher fouling potential.
Experimental Chemicals and reagents
Polyethersulfone (PES) (molecular weight: 58,000, Ultrason® E 6020, BASF Co, Germany), polyethylene glycol 400 (PEG-400, Merck, Germany) as pore-forming agent, and N-methyl-2-pyrrolidone (NMP, Merck, Germany) as solvents were used without further purification for membrane substrate fabrication. The PA active layer was prepared via 1,3-phenylenediamine (MPD, > 99%, Merck) and 1,3,5-benzenetricarbonyl trichloride (TMC, > 98%, Merck) as initial monomers. Also, deionized (DI) water and n-hexane were, respectively, used to dissolve MPD and TMC monomers. The FO tests were conducted by 1 M of sodium chloride (NaCl, ≥ 99.8%, Iran Mineral Salts Company) as a DS and DI water as a FS.
Membrane preparation
Membrane substrates were prepared through non-solventinduced phase inversion method. The substrate casting solution was prepared by dissolving 15 wt.% of PES in a mixture containing NMP solvent (42.5 wt.%) and PEG-400 pore forming agent (42.5% wt.%). The mixture was magnetically stirred in temperature of 50°C, until all PES granules dissolved and the solution became clear. After keeping the obtained solution for 24 h, it was further degassed by a sonication bath (Elmasonic, S 30 H) for 30 min at room temperature to make a homogenous suspension. The casting solution was spread on a clean glass plate using a casting knife with a gate height of 100 μm. Soon after, the glass plate was immersed in a DI water coagulation bath, where the polymer film was finally precipitated by phase inversion and make a thin support layer. After complete peeling the substrate off the glass plate, they were washed and stored in DI water to remove any remained solvents and residues. The PA rejection layer was then synthesized by IP reaction between MPD and TMC monomers on the surface of the as-prepared substrate. First, the substrate was immersed in an aqueous solution containing different concentrations of MPD monomer for 120 s. A piece of filter paper was used to remove extra MPD solution from PES top surface. The MPD solution penetrated into substrate pores and it is ready for the IP reaction. To do so, the PES substrates were subsequently immersed in TMC solution. The obtained membranes were finally dried in an oven for 5 min. All conditions and materials that were used to prepare the FO membranes are summarized in Table 1 .
Membrane characterization
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was utilized to recognize the composition and chemical bonding of the membranes. Morphological characteristics of the membranes from top, bottom, and cross-sectional surfaces were qualitatively evaluated by a scanning electron microscope (SEM, Zeiss, DSM 960 A, Germany). The membrane surface hydrophilicity was assessed by contact angle measurements using an optical tensiometer (Dataphysics, OCA 15 plus) equipped with an image processing software. All contact angle tests were conducted in triplicate to confirm repeatability of the obtained data. The surface morphologies of as-prepared membranes were investigated by atomic force microscope technique (AFM, FemtoScan 2012) with scanning area of 5 μm × 5 μm. To evaluate mechanical strength of the obtained different TFC membranes, a rectangular stripe of every membrane (10 mm × 80 mm) was carefully stretched by a tensile machine (CT3 Texture Analyzer tensile test-ing equipment, Brookfield engineering).
Evaluation of membrane performance
Water and salt permeability coefficients of different TFC membranes were, respectively, determined using a RO deadend filtration cell. All RO tests were carried out at 2 bar with an effective membrane area of 9.60 cm 2 . A 100 ml of DI water was used as the feed, and the water permeability coefficients (A) were exactly calculated according to the Eqs. (1) and (2) (Zhou et al. 2014) :
where ΔV, Δt, Δp, and A m are the permeate volume change, elapsed time, applied hydraulic pressure, and effective membrane area, respectively. The salt rejection rate (R s ) was also determined by carrying out the tests using a 1000 ppm of NaCl solution as the feed. The R s value was calculated by the following equation (Wen et al. 2017) :
where C f and C p are the NaCl concentrations of the feed and the permeate sides, respectively. The salt permeability coefficients (B) of the membranes were determined from the solution-diffusion theory using Eq. (4) (Zhou et al. 2014) :
where ΔP is the transmembrane hydraulic pressure difference, and Δπ is the osmotic pressure difference across the membrane.
All FO experiments were conducted in a bench-scale crossflow system, which is depicted in Fig. 1 . As seen, a circular channel was used as FO membrane cell with a total effective area of 9.60 cm 2 . In all FO tests, the temperatures of FS and DS were continuously monitored by a thermostat to adjust in 25 ± 1°C. The cross-flow velocities of both solutions were constantly maintained at 0.2 L/min (8 cm/s). Two aqueous solutions containing 1.5 L of 1 M NaCl and DI water were, respectively, used as DS and FS. The reverse salt leakage was calculated by an online EC meter. All FO tests were done under two different configurations including the PA active layer facing the FS (FO mode) or the PA active layer facing the DS (PRO mode). The FO water flux, Jw (L/m 2 h or LMH), and reverse salt flux, Js (g/m 2 h or gMH), obtained from the following equations, respectively:
where A m is the effective membrane area, ΔV is the permeate volume, and Δt is the time. Also, C 0 and C t are the salt concentration (g/L) and V 0 and V t are the volume of the FS (L) at the start and end of FO experiments, respectively.
Membrane fouling test protocol
To evaluate performance of the obtained membranes in long-term application, fouling experiments were carried out in the same cross-flow FO system described above. The fouling tests were conducted using sodium alginate (SA) as a foulant model under FO mode. A 1.5-L solution containing 500 ppm of NaCl, 500 mM of CaCl 2 , and 200 ppm of SA was used as FS in the fouling tests. Another 1.5-L aqueous solution containing 1 M NaCl was also used as DS. Prior to the investigation of fouling behavior, the FS without SA and the DS was separately circulated on each side of the membrane for 100 min to equilibrate different membrane performances. Subsequently, 200 ppm of SA was added into the FS side. To reach water flux stability, each run of fouling experiments was performed for 300 min with cross-flow velocity of 8 cm/s. Simple physical washing by increasing the cross-flow velocity up to 50 cm/s was conducted to clean the fouled membrane surfaces. After surface cleaning, the cross-flow velocity was again declined to the initial level, and water flux was measured using FS of 10 mM NaCl to survey the fouling reversibility. Antifouling performance of the membranes was finally analyzed by recovery rate (FRR) and total fouling rate (R t ) factors as follows (Zhu et al. 2016) :
where J 0 is the initial water flux, J R is the recovery of water flux after washing, and J S is the steady water flux obtained after SA addition.
Results and discussions
Characterization of the membranes Figure 2 represents ATR-FTIR spectra of all prepared membranes and PES substrate in the range of 600-2200 cm
wavenumbers. As observed, the characteristic band at 1578 cm −1 (related to C═C aromatic ring stretching) and 1240 cm −1 (related to Aryl-O-Aryl C-O stretching) obviously prove presence of PES polymer as a membrane substrate . The main characteristic band of the PES is 1486 cm −1 (related to benzene ring and C-C bond stretching) (Bui et al. 2011) . In all membranes ATR-FTIR are attributed to C-N stretching and C=O stretching vibrations, respectively. They correspond to the amide bands formed within the PA layer during IP reaction (Sorribas et al. 2013; Wang et al. 2015) .
Contact angle values obtained from top PA surface of different membranes have been shown in Fig. 3 . According to the results, the hydrophilicity of the membrane surface was increased with increasing MPD concentration. Among three membranes which had different MPD concentration (i.e., TFC-1, TFC-2, and TFC-3), the TFC-3 demonstrates the lowest contact angle value. Also, with increasing of TMC concentration from 0.05 to 0.2 wt.% in organic solution, the contact angle of the obtained membrane 17.8% decreased, representing the highest hydrophilicity among all membranes. Figure 4 demonstrates the SEM images taken from bottom, cross-section, and top morphologies of the resulting FO membranes. As seen in Fig. 4a , the bottom side of membrane was abundantly covered with uniform pores. To have better efficiency in water permeation, they are absolutely necessary. The cross-sectional SEM morphology (Fig. 4b) confirmed that the thickness of the obtained membrane was about 130 μm. It is also worth mentioning that the membrane had sponge-like pore structure, which is a typical characteristics of pristine PES substrate . Figure 4c -g is the SEM images from top PA side of the obtained membranes. They confirm that all membranes had ridge-and-valley structure in top PA side, which is a typical morphology for PA thin film (Song et al. 2011 ). After precise evaluation, it could be noticed that different conditions, which used for PA active layer, resulted in relatively distinctive top side morphologies. Two TFC-1 and TFC-5 membranes exhibited smaller ridge-andvalley structure compared to TFC-2, while the TFC-3 and TFC-4 had bigger one. The surface roughness is one of the most useful parameter to show how different monomer concentrations can have influence on the morphology PA layer. For this purpose, AFM analysis was carried out, and the obtained results are shown in Fig. 5 . In these images, the ridge areas are demonstrated by brighter colors while the valley regions are indicated via darker colors. Based on AFM results, the surface roughness of TFC-1, TFC-2, TFC-3, TFC-4, and TFC-5 membranes were 55.16, 58.20, 74.72, 68.65, and 48 .50 nm, respectively. The obtained results obviously illustrate a profound impact that different monomer concentrations can have on the fabricated PA layer morphology and roughness. To gain insight into this effect, the mechanism of PA active layer has to be discussed in detail. The IP reaction conducts when the MPD aqueous solution diffuse into the organic solution containing of the TMC monomer. It is believed that the PA layer formation does not occur uniformly in one step (Khorshidi et al. 2016) . At first, in the interface of organic and aqueous phases, a very thin PA layer is quickly made due to initial IP reaction (Petersen 1993) . The rate-determining step (RDS) is the second one, in which the MPD molecules try to pass through the formed thin PA layer and fabricate a thicker final film (Berezkin and Khokhlov 2006) . The IP reaction mechanism schematically shows in Fig. 6 . Due to lower solubility that the TMC has in aqueous phase, the IP reaction hass mainly occurred in the organic phase. Therefore, any variation in the concentration ratio of MPD/TMC can largely influence on the IP polymerization kinetic, surface morphology, water permeability, and membrane selectivity. When the initial MPD concentration increases, two opposite factors are involved in the formation of final PA morphology. Higher MPD concentration makes a thicker core layer, which acts as a resistance barrier against MPD diffusion. In contrast, MPD mass transfer could be facilitated by its higher concentration. The SEM and AFM results obtained in this paper suggested that the first phenomenon is more likely to control final PA layer morphology, which is in good agreement with pervious findings (Khorshidi et al. 2015) . With variation of TMC concentration, the amine to acyl chloride molar ratio (−NH 2 /−COCl) changes, affecting on final PA layer characteristics. A thinner but denser PA layer could be formed when a higher TMC concentration was used (Xie et al. 2012) . Additionally, study on mechanical strength of the obtained membranes presented that the tensile strength of TFC-1, TFC-2, TFC-3, TFC-4, and TFC-5 membranes are 0.222, 0.232, 0.236, 0.233, and 0.226 MPa, respectively. Also, their moduli were 4. 095, 4.138, 4.196, 4.166, and 4 .117 MPa, respectively. Since the support layer is mainly responsible for its mechanical strength, these similar values could be explained by the same casted PES, which was used as a support layer in the different membrane fabrication.
Water and salt permeability coefficients
Water permeability coefficients (A) and salt permeability coefficients (B) of the different membranes were measured using a RO dead-end cell, and the obtained data are represented in Table 2 . The TFC-3 membrane demonstrated the highest salt rejection rate (R s ) value and the lowest water permeability coefficient (A) among all membranes. The overall RO performance could be assessed using the salt permeability/water permeability (B/A) ratio. In this regard, the TFC-3 membrane with the lowest B/A ratio revealed the best RO performance.
FO membrane performance Figure 7 shows water flux (J w ) and reverse salt flux (J s ) as performances of FO membranes, which their top PA layer prepared by different monomer concentrations. Experimental results demonstrated a trade-off relationship governing between selectivity and permeability. It means that a higher membrane water permeability resulted in a lower salt rejection and vice versa (Yip and Elimelech 2011) . By increasing MPD concentration from 1 to 3 wt.%, the water flux of the membrane was dramatically decreased. According to the achieved results, the TFC-1 membrane had average water fluxes of 17 and 22.7 LMH in FO and PRO orientations, respectively. The .5% lower water flux. In contrast, comparing to the TFC-1 membrane, the TFC-3 membrane illustrated better performance in salt rejection. As explained before, higher MPD concentration leads to form a thicker PA layer on the membrane top side, which rejects more salt ions and water molecules, simultaneously. Surface hydrophilicity is another important parameter, which could have significant impact on the membrane performance. Based on the contact angle values reported in Fig. 3 , among membranes with different MPD concentrations, the TFC-3 had the highest hydrophilicity. Considering to water permeation results, it could be concluded that the PA top layer thickness is more important parameter than the surface hydrophilicity in determination of overall membrane performance. Notably, by using higher TMC concentration, a contrary trend was also observed. The average water flux of the TFC-5 membrane was 29.3 LMH, which is 89% higher than the TFC-4 one. Again, these results confirm the higher impact that PA layer thickness has on overall membrane performance. Among different membranes, the TFC-4 and TFC-3 revealed the best performances in the salt rejection under FO mode and PRO mode, respectively. Also, the TFC-5 showed the highest reverse salt fluxes of 16.8 gMH and 19.5 gMH in FO mode and PRO mode, respectively. Formation of very thin PA layer in the TFC-5 membrane could be assumed as a possible reason for such observation.
Anti-fouling behavior of the membranes
Fouling resistance of the different membranes was evaluated to ensure their long-term stability in a real desalination plant. Accumulation of foulants on the membrane surface is the major reason to happen fouling phenomenon. Fouling propensity has great impacts on the separation performance and operational lifespan of the membrane. There are several physical and chemical factors that could affect the fouling occurrence in FO process. Among them, operational conditions (such as initial water flux, cross flow velocity, and etc.), FS and DS characteristics (such as concentration, solution pH, and etc.), membrane properties, surface roughness are the most important ones, which have to be continuously monitored to mitigate unpleasant fouling. FRR and R t were calculated for different membranes using their fouling profiles achieved through real-time water flux measurements, and the results are depicted in Fig. 8 . As seen, the TFC-5 membrane showed the highest FRR and the lowest R t values among all membranes, indicating its higher fouling resistance. Additionally, the TFC-3 membrane demonstrated the worst anti-fouling performance. Membrane fouling in FO process occurs by deposition of foulant from FS side onto the membrane PA layer surface and the subsequent formation of Bcake layer.P revious studies proved that in the presence of calcium ions, SA forms a gel layer with a network structure on the FO membrane surface (Mi and Elimelech 2008) . Distinctive fouling behavior of different membranes has many reasons, in which some of them are mentioned as follows:
& Surface hydrophilicity: Foulants are commonly hydrophobic substances and therefore do not have a strong tendency toward hydrophilic surfaces (Mazlan et al. 2016) . Furthermore, on the hydrophilic surfaces, a dense layer of water molecules could form, which prevent surface adhesion with foulants. Considering to this factor and the contact angle results (Fig. 3) , the TFC-1 membrane with the lowest hydrophilicity is more likely to foul.
& Surface roughness:
It has the highest impact on the observed fouling propensity in FO membranes (Hoek et al. 2003; Gu et al. 2013) . As it is illustrated in SEM and AFM images (Figs. 4 and 5) , the PA surface of TFC membrane has large-scale ridge-and-valley rough morphology, which provides enough space to increase membrane-foulant interactions. Based on this important factor and membrane roughness values obtained by AFM analysis, the TFC-3 is more prone to fouling. & Membrane water permeability:
Water permeability is directly proportional to hydrodynamic drag force. It means that with increasing of the membrane water permeability, all solutes including foulant macromolecules strongly try to pass through the membrane pores. Therefore, membrane would be more vulnerable to be clogged by foulants. According to this factor, due to the higher water permeability, the TFC-5 would show the highest fouling propensity.
Based on the fouling resistance results demonstrated in Fig. 8 , as it is mentioned above, the top PA layer surface roughness is the most determining factors among others. Moreover, the membrane surface hydrophilicity plays a crucial role in membrane fouling behavior.
Conclusion
Despite many advantages that FO desalination method has, a major challenge against its industrialization is the lack of highperformance membranes with excellent water flux and salt rejection. Among several proposed membranes, thin film composite (TFC) membrane has showed considerable performance in water and salt separation. In this study, surfaces of a membrane group were coated via different concentrations of MPD and TMC monomers to fabricate PA active layer, and subsequently, they were used in FO desalination method. The performance of different membranes in water permeation and salt rejection as well as their anti-fouling capabilities were experimentally assessed and the obtained results were reported. A membrane with higher water permeance and better antifouling property could be synthesized when higher concentration of TMC monomer was used during IP reaction. In contrast, comparing to the membranes covered by higher MPD concentrations, this membrane demonstrates a lower salt rejection performance. 
